On the other hand, uncontrolled oxidative stress, a state where the increased production of ROS overwhelms endogenous antioxidant protection, disrupts redox signaling and contributes in the pathophysiology of several common diseases. 7 Increased oxidative stress and impaired cellular defenses are also associated with the pathogenesis of diabetes mellitus and its complications including nephropathy. 7, 8 Regular exercise is in many ways beneficial to patients with diabetes, and also recommended for patients with chronic kidney disease. 9 Acute exercise transiently decreases renal blood flow, 5 while chronic exercise normalizes this response. 10 In addition, physical exercise causes a varying extent of oxidant insult to tissues and is expected to result both negative (acute damage) and positive (adaptation) effects. 7 For this extent, exercise training may serve as an approach to offset oxidative stress, 11 to induce HSP responses, 12 and to improve tissue protection. 13 The impact of HSP expression on whole-body glucose tolerance stresses a role of HSPs in skeletal muscle insulin action.
14 Defects in the function of HSPs could contribute to diabetic complications including nephropathy. 15 Among the many physiological, pharmacological, and genetic approaches that have been postulated to address HSP-targeted therapies in both experimental and clinical setting, 1 physical exercise provides a physiological stimulus of heat shock factor-1 (HSF-1), which translocates to the nucleus upon activation and binds to heat shock elements resulting in increased HSP expression. 16, 17 HSPs potentially act in buffering tissues against disease-associated homeostatic disturbance and thereby contribute to the positive biological effects in diabetes. While diabetes remains a major risk factor to kidney complications, 18 regular exercise training may act as a therapeutic tool to restore tissue HSP-mediated protection. 16 However, information about the protective effect of HSPs on kidney tissue is limited, and to our knowledge, the effects of exercise training on kidney HSP expression in diabetes have not been examined. Thus, this study tested the hypothesis that endurance exercise training can decrease oxidative stress, reduce diabetes-associated kidney injuries as evidenced by histological and biochemical changes, and enhance tissue protection in part through HSP induction. Notably, we utilized acute exhaustive exercise as a physiological inducer of metabolic stress to test acute responses of HSPs and oxidative stress.
| METHODS

| Animals
The animals were twelve-week-old male outbred Wistar rats that were maintained at 22 ± 2°C with 12:12-h light-dark cycles with free access to standard rat chow and water. The experimental procedure was in accordance with the Guide for the Care and Use of Laboratory Animals, published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1985), and was approved by the Ethics Committee for the laboratory animal research of University of Eastern Finland. One-half of the rats were randomly assigned to the diabetic group, which was induced by streptozotocin as described below. The other half was kept as the control group. Rats with sustained diabetes and the non-diabetic control rats were further divided into training and non-training groups.
Half of the rats from all groups were sacrificed by decapitation at rest or approximately 72 h after the last exercise training session, and the other half immediately after acute exhaustive exercise. After exclusions (no induction of diabetes, infection, and injury due to treadmill running), the groups consisted of 7-10 animals.
| Preparation of diabetic rats
Streptozotocin destroys pancreatic beta cells and is used in experimental models of type 1 diabetes. 19 In this study, a single intraperitoneal streptozotocin injection (60 mg/kg, prepared in 0.1 mol/L citrate buffer, pH 4.5) was used as described. 16 The state of diabetes was confirmed by glucosuria using dipstick urine test (Combur, Roche Diagnostics, France) 1 week after the injection. Urine test was repeated once a week during the study for detection of glucosuria. Proteinuria was detected using dipstick test (Roche). In addition, blood glucose levels were measured at the end of the study in truncal blood collected immediately after decapitation using a commercial kit (Gluco-quant Glucose/HK, Roche Diagnostics). Rats without sustained diabetes indicated by glucosuria at least 20 mmol/L 14 days after the injection till the end of the study were excluded from the study.
| Exercise training and acute exercise protocol
The rats subjected to exercise training ran on a treadmill for 8 weeks, 5 days a week. Briefly, after 1 week of familiarizing the rats to the treadmill system, the non-diabetic animals started their training from 1.08 km/h, 30 min/d, with gradual increases in training speed and duration until reaching 1.08 km/h for 1.5 h/d by the end of the first week and 1.8 km/h 1.5 h/d until week 4, and continued training 5 days a week 1.8 km/h 1.5 h/d for 4 weeks. In diabetic rats, similar training duration was used with slightly lower intensity due to observed slightly lower body weight (Table 1) and endurance capacity, which was determined according to the continuous monitoring of the optimal running intensities that all the diabetic rats were able to tolerate. More specifically, the exercise training for the diabetic animals started from The animals appeared to respond to the training well and were able to increase their running distance and intensity according to the training protocol. The efficiency of the exercise protocol was confirmed by citrate synthase (CS) activity as marker of oxidative metabolism in the exercised skeletal muscle (vastus lateralis and red gastrocnemius muscles) ( Table 1 ) and measured as previously described. 16 Total protein concentration was measured using a BCA protein assay kit (Pierce, Rockford, IL). At the end of the exercise training period, the animals randomly selected to the acute exercise protocol ran until exhaustion in a single exercise session in order to induce metabolic stress. For this experiment, the running speed was kept 1 km/h (10% uphill gradient) for the first 10 minutes, and then gradually increased to 2.1 km/h until exhaustion. A detailed protocol is provided in the Data S1.
| Sample collection
Following decapitation, the kidneys of the animals were quickly removed, rinsed in ice-cold saline and blotted, cut into small pieces and placed in liquid nitrogen and stored at −70°C for later homogenization and biochemical determinations.
| Histology
Kidney samples were fixed overnight with 4% formalin solution buffered with sodium phosphate at 5°C. Routine paraffin-embedding and tissue processing were performed. Sections of 3 μm thickness were mounted on glass slides and stained with hematoxylin-eosin. Histological samples from six randomly selected rats from each study group were analyzed and scored according to Renal Pathology Society (RPS) classification of diabetic nephropathy 20 as follows:
no injury = score 0, class I: glomerular basement membrane thickening = score 1; class IIa: mild mesangial expansion = score 2; class IIb: severe mesangial expansion = score 3; class III: nodular sclerosis = score 4; and class IV: global glomerulosclerosis in >50% of glomeruli = score 5.
| Preparation of samples for electrophoresis and subsequent Western blot analysis
The samples were pulverized under liquid nitrogen and sonicated in a buffer containing 25% glycerol, 0.42 mol/L NaCl,
μmol/L DTT, and 5 μmol/L PMSF at 4°C. Next, protein extracts (30 μg protein per lane) were electrophoresed together with molecular weight markers on SDS-polyacrylamide gel and transferred to a nitrocellulose membrane (Millipore, Bedford, MA). Equal loading and transfer of the Western blot samples were further verified and compared with beta-actin and by reversible total protein staining of the nitrocellulose membrane using Ponceau S.
The above-mentioned pulverized samples were then analyzed for HSP expressions by Western blotting. 16, 21 Briefly, after blocking with a 5% fat-free milk solution at 37°C for 60 minutes, the membranes were treated with 1:1000 diluted monoclonal antibodies (all from StressGen, Victoria, Canada) recognizing heme oxygenase-1 (HO-1), the 60 kDa HSP (HSP60), the 72 kDa inducible form of HSP (HSP72), the 90 kDa HSP (HSP90), and glucose-regulated protein 75 (GRP75). Horseradish peroxidase (HRP)-conjugated anti-mouse (Santa Cruz Biotechnology, Santa Cruz, CA) and anti-rat immunoglobulins (Zymed Laboratories, San Francisco, CA) secondary antibodies were used in 1:10 000 dilution. For data normalization, mouse monoclonal antibody to beta-actin (Sigma, St. Louis, MO) was used as an endogenous control. The membranes were developed with the enhanced chemiluminescence method (NEN Life Sciences, Boston, MA), and the signals were detected by X-ray film (Kodak) and quantified using image-analysis software (Scion Corp, Frederick, ML). An external reference sample was included Difference due to diabetes (*P < .05, **P < .01, ***P < .001).
Effect of training ( † P < .05, † † P < .01, † † † P < .001).
T A B L E 1 Effect of streptozotocininduced diabetes and 8 wk of exercise training (Tr) on body weight, blood glucose, and citrate synthase activity in each membrane to calibrate variations in film exposure times. The normalized data was expressed relative to the untrained non-diabetic group.
| Analysis of protein carbonyls and 4-HNE as markers of oxidative damage
For protein carbonyl measurements, the pulverized kidneys samples described above were first derivatized with 2,4-dinitrophenylhydrazine, subjected to electrophoretic separation ( 
| Analysis of inflammatory markers TGF-β, IL-6 and TNF-α
TGF-β was used as a marker of glomerulosclerosis 22 and IL-6 and TNF-α served as general inflammatory markers. Their levels were measured from the supernatants of kidney homogenates by commercial ELISA kits according to the manufacturer's instructions (R&D Systems, Minneapolis, MN). The results were normalized to the total protein concentration of tissue homogenates.
| Analysis of gene expression
The mRNA expression of HSP60, HSP72, HSP90, GRP75, HO-1, and beta actin (ACTB) in kidney tissue was analyzed by quantitative real-time RT-PCR. Briefly, 100 mg of tissue was first homogenized with Ultra-Turrax and total RNA was isolated using TRIzol reagent according to the manufacturer's instructions (Life Technologies, Gaithersburg, MD). RNA concentrations were determined by NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE), and the integrity of the RNA was checked with gel electrophoresis. One microgram of total RNA from each sample was then converted to cDNA using SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA) and oligo(dT) primers (Promega, Madison, WI). For PCR primer design, the annotated nucleotide sequences were retrieved from GenBank database (National Center for Biotechnology Information, Bethesda, MD) and designed not to amplify genomic DNA. The primer sequences were as follows: HSP60 forward primer (-F) 5′-AAAGCTGAACGAGCGACTTG-3′ and reverse primer (-R) 5′-ATCACTTGTCCCTCCAACCTTC-3′; HSP72-F 5′-GGACAAGTCGGAGAACG-3′ and HSP72-R 5′-CCGA GTAGGTGGTGAAG-3′; HSP90-F 5′-GTACGAAACA GCACTCCTGTCTTC-3′ and HSP90-R 5′-ATCCTCATCA ATACCTAGACCAAGC-3′; GRP75-F 5′-ACGAGGATG CCCAAGGTTC-3′ and GRP75-R 5′-TGAATGGCAGCTC CAATGG-3′; HO-1-F 5′-GGAAGGCTTTAAGCTGGTG ATG-3′ and HO-1-R 5′-GGTTCTGCTTGTTTCGCTCT ATC-3′; ACTB-F 5′-AGCCTTCCTTCCTGGGTATG -3′ and ACTB-R 5′-CGGATGTCAACGTCACACTTC -3′. The samples were amplified in duplicate using Brilliant SYBR Green Master Mix (Stratagene, La Jolla, CA) with 200 nM of each gene-specific primer, and run on Mx3000P System (Stratagene) with the following program: a 10 minutes pre-incubation at 95°C, followed by 40 cycles of 15 seconds at 95°C, 20 seconds at 59°C and 25 seconds at 72°C. The data were normalized relative to expression of ACTB using the previously introduced algorithm. 23 Unique amplification products and the absence of primer-dimers were evaluated by melt curve analysis.
| Analysis of HSF-1 DNAbinding activity
For the measurement of HSF-1 DNA-binding activity, an electrophoretic mobility shift assay (EMSA) was performed as previously described. 16 The protein extracts were prepared similar to Western blot analysis and mixed with 32 P-labeled probes corresponding to the two overlapping heat shock elements. The protein-DNA complexes were resolved on a non-denaturing polyacrylamide gel, the EMSA gels were dried, and the radioactivity was detected by autoradiography.
| Statistics
The effect of diabetes, acute exercise and exercise training on measured variables was tested by two-or three-way ANOVA with Bonferroni's correction, when appropriate. Pearson's and Spearman's correlation coefficients were used for the detection of associations between HSPs, TGF-β and the inflammation-related cytokines. Statistical significance was set at P < .05. Data are shown as means ± SEM. or means ± SD when appropriate.
| RESULTS
| Effects of experimental diabetes
Induction of experimental diabetes resulted in elevated blood glucose (Table 1) and characteristic kidney injury, particularly glomerulosclerosis (see Figure 1 and Table 2 ). Kidney homogenates from diabetic animals contained increased
levels of TGF-β (P < .001, Figure 2 ) and IL-6 and TNF-α (P < .01 and P < .05, respectively, Table 3 ). Moreover, a significant correlation between TGF-β and TNF-α was found in diabetic animals (R = .892, P = .017). Using a graded dipstick test (scaled as follows: +, ++, +++, ++++), all diabetic animals were tested positive for proteinuria as an early marker of glomerular filtration membrane pathology. More specifically, 50% of the animals were grade ++ and 50% were grade +++. Exercise training had no effect on proteinuria results as the proportion of the aforementioned grade remained identical in untrained and exercise-trained animals (50%/50% for grade ++/+++). Dipstick test for glucosuria was positive (++++) only in diabetic animals. Despite the increased HSF-1 DNA-binding activity (P < .001, Figure 3) , induction of diabetes decreased HSP72 protein levels (P < .01, Figure 4 ). Diabetes also decreased HSP90, but increased GRP75 and HSP60 protein levels although HSP60 mRNA expression did not reflect the protein levels ( Figure 4) . Moreover, diabetes increased HO-1 mRNA expression (P < .001) although the respective protein levels were decreased (P < .05, Figure 4 ). Overall our findings may point out a compromised tissue protection and altered HSP response in diabetic kidney.
| Effects of acute exercise
The running time until exhaustion in the acute exercise model was longer in diabetic animals compared to non-diabetic rats (168.5 ± 31.75 vs 137.5 ± 9.40 minutes, P < .05). Due to the different physical capacities of the experimental groups of animals, varying increments in exercise intensity were applied till running exhaustion was achieved for non-diabetic and diabetic animals, as well as in trained and untrained animals (see Data S1 for exercise protocol). 
F I G U R E 2 Effect of streptozotocin-induced diabetes, acute
exercise (Ex), and 8 wk of exercise training (Tr) on kidney levels of transforming growth factor beta (TGF-β). Open bars represent untrained rats (UnTr); closed bars represent exercise-trained (Tr) rats; light gray bars represent untrained rats after acute exercise (UnTr-Ex); dark gray bars are exercise-trained rats after acute exercise (Tr-Ex). Each experimental group consisted of 7-10 animals. Values are per mg of tissue and expressed as mean ± SEM. Difference due to diabetes: ***P < .001; difference due to exercise training: † P < .05
Acute exercise increased HSP72 mRNA and protein (P < .001 and P < .05, respectively, Figure 4 ), HSP60 mRNA (P < .05), and HSP90 mRNA and protein (P < .001 and P < .05, respectively, Figure 4 ). Acute exercise induced oxidative stress indicated by increased levels of HO-1 mRNA and protein (both P < .001, Figure 4 ), 4-HNE protein adducts, and protein carbonyls (both P < .01, Table 4 ). There were significant interactions of diabetes with acute exercise for HSP72 mRNA (P < .01), for HO-1 protein (P < .001), for HSP60 mRNA and protein (both P < .05), for GRP75 protein (P < .05), for HSP90 mRNA and protein (P < .001 and P < .05, respectively), also for protein carbonyls and 4-HNE protein adducts (both P < .05). Together these data indicate that diabetes attenuates the induction of HSPs and HO-1 and results in decreased peroxidation of cellular lipids and proteins in response to acute exercise.
Nevertheless, a lower induction of HSPs and HO-1, and less oxidative damage to macromolecules in response to acute exercise could also be attributed to the differences in the intensities of acute exercise protocol based on the observed running time to exhaustion.
| Effects of exercise training
The efficiency of the exercise training was evident by increased running time till exhaustion, and also by enhanced vastus lateralis muscle CS activity in both diabetic and nondiabetic rats (Table 1 ). The time until exhaustion was even longer in diabetic rats compared to non-diabetic control rats (220.57 ± 48.39 minutes vs 168.5 ± 31.75 minutes, P < .05). Although no significant interaction between diabetes and exercise training was observed, the training effect on vastus lateralis and red grastocnemius CS activities was likely to be more pronounced in diabetic rats compared to the non-diabetic rats (74% vs 30% induction, respectively). On the other hand, overall CS activities in skeletal muscle were lower in diabetic rats, as described previously. 16 Eight weeks of exercise training did not alter kidney histology in non-diabetic rats, but partially reversed the mesangial expansion in diabetic rats ( Figure 1, Table 2 ), and moderately decreased levels of TGF-β (P < .05, Figure 2 ) as well as IL-6 and TNF-α (P < .05, Table 3 ). Exercise training overall up-regulated HSP72 protein levels (P < .05, Figure 4 ), as well as HO-1 and GRP75 mRNA expression (P < .05 and P < .01, respectively, Figure 4 ). On the other hand, the observed interactions of diabetes with exercise training for HSP72, HSP60, GRP75, and HSP90 proteins (each P < .05), and for HSP72 and HSP60 mRNA (P < .001 and P < .05) together indicate that diabetes affects the positive effects of exercise training on kidney HSP expression.
F I G U R E 3
Gel mobility shift image and densitometric values of heat shock factor-1 (HSF-1) DNA-binding activity in kidney tissue in response to streptozotocin-induced diabetes, acute exercise, and eight-week exercise training. Groups are as in Figure 2 . Values are mean ± SEM. Difference due to diabetes: ***P < .001 Data are presented as mean (SD). Difference due to diabetes (*P < .05, **P < .01). Effect of exercise training ( † P < .05).
In correlation analysis, a significant negative correlation between HSP72 and TGF-β (R = −.775, P < .01) was observed when both diabetic and non-diabetic animals were included. Furthermore, 4-HNE as the marker of lipid peroxidation was strongly correlated with HSP72 in diabetic animals (R = .975, P < .001) and with HSF-1 in all animals (R = .821, P < .001).
| DISCUSSION
The present study demonstrated an enhanced HSP response in the kidney of non-diabetic rats in response to both acute exercise and 8 weeks of endurance exercise training. In diabetic rats, kidney HSP response was impaired especially in the major inducible stress protein HSP72 levels, despite F I G U R E 4 Kidney levels of heat shock protein 72 (HSP72), HSP60, HSP90, glucose-regulated protein 75 (GRP75), and heme oxygenase-1 (HO-1) in response to streptozotocin-induced diabetes, acute exercise, and 8 wk of exercise training. Groups are as in Figure 1 . Densitometric values are mean ± SEM. Difference due to diabetes: *P < .05; **P < .01; ***P < .001. Difference due to exercise training: † P < .05. Effect of acute exercise: ‡ P < .05; ‡ ‡ ‡ P < .001. Representative Western blots for the protein expression are also provided. Groups are as in Figure 2 . Beta-actin was used as a loading control increased HSF-1 DNA-binding activity. The diabetic rats also exhibited glomerulosclerosis indicated by increased synthesis of TGF-β and glomerular injury characteristic of diabetic nephropathy. 22 Despite an overall impaired HSP response in diabetes, exercise training appeared to attenuate the development of glomerulosclerosis, as indicated by lower TGF-β levels and partially reversed mesangial expansion. Moreover, the protective role of exercise training in diabetic kidney may also be mediated by its anti-inflammatory effects. Compelling evidence has proved an interplay between the inflammatory response and the fibroproliferative process, including TGF-β signaling. 24 Consistently, in the present study, we found that TGF-β and the two key inflammationrelated cytokines IL-6 and TNF-α were increased and also positively correlated in diabetic rats, while the eight-week exercise training appeared to offset these changes in diabetes.
Although the reported effects of various experimental models of diabetes are diverse, 25, 26 an impaired HSP defense seems to predispose the kidney to nephropathy, consistent with the present results. On the other hand, there is increasing evidence for a protective role for HSPs during recovery from renal ischemia. 2, 5, 27 The present study reported a significant negative correlation between the most inducible and abundant HSP, namely HSP72 and TGF-β emphasizing the protective role of HSPs against renal injury and kidney fibrosis. Induction of HSP72 expression may contribute to overall adaptation to exercise 12 and also provide protection against diabetic complications. 25, 26 HSP72 has also been shown to improve oxidative metabolism and insulin sensitivity, 28 which is a key mechanism in the treatment of type 2 diabetes. Evidently, the present study explored for the first time HSP responses by exercise training in diabetic kidney. The eight-week exercisetraining program used in the present study markedly increased endurance capacity in diabetic animals. 29 However, despite the improved exercise tolerance, a lower HSP72 protein response was observed compared to non-diabetic animals (55% vs 250% relative increase in the present study). The ability of exercise training to increase kidney HSP72 levels is in line with reports in other tissues. 11, 16, 30, 31 It should be noted that that the exercise-induced HSP responses are dependent on exercise intensity and duration, 32 reflecting a physiological response to the heat shock and oxidative stress of exercise. Our finding that acute exercise-induced kidney HSP72 levels is consistent with a previous study in non-diabetic rats. 33 We hypothesize that exposure to exercise-induced metabolic and oxidative stress, and the accompanying decrease in blood flow and pH together induce kidney HSP response with most prominent effects seen on HSP72. In line with this hypothesis, we observed that 4-HNE protein adducts as a marker of oxidative stress were strongly correlated with HSP72 levels in diabetic animals, and with HSF-1 levels in all animals. HSP60 levels were increased in diabetic animals, consistent with previous report by us 25 and others. 34 Autoimmunity against HSP60 and the consequent drop in circulating HSP60 levels may be important in the pathogenesis of diabetes. 35 However, appearance of antibodies to the HSP60-derived peptide p277 has been reported to arrest autoimmune diabetes induced by streptozotocin; 36 thus, the exercise-induced decrease in HSP60 levels in diabetic animals could also be regarded cytoprotective.
In the present study, diabetic animals showed discrepancies between HSF-1 DNA-binding activity and both HSP mRNA and protein responses to exercise, indicating an impaired protein turnover. In addition to increased DNAbinding activity and oligomerization, HSF-1 undergoes many post-translational stages which may all have affect its transcriptional activity. 37 As HSF-1 is a master stress-induced transcription factor to regulate HSP expression through heat shock elements, these complex regulators could potentially alter either HSP transcription or translation in diabetes. Moreover, HSF-1 regulates many other genes that may be modulated in our experimental diabetes model. 38 Exercise training increased HO-1, which is an inducible HSP mainly involved in the protection against the adverse effects of oxidative stress. 39 as increased HSP expression. On the other hand, the absence of significant acute exercise-induced oxidative stress in diabetic animals must be regarded as a contributing factor to the low HSP response in the present study.
In conclusion, we report here that HSP72 levels were negatively correlated with TGF-β, a key inducer of glomerulosclerosis and the induction of diabetes resulted in alterations of kidney HSP levels, which could not be counteracted by exercise training, contrary to other tissues. On the other hand, exercise training increased kidney HSP levels and decreased acute exercise-induced oxidative stress in non-diabetic animals, and notably in diabetic kidney reversed the histopathological findings of glomerulosclerosis, and decreased the levels of TGF-β and the inflammation-related cytokines IL-6 and TNF-α. An impaired HSP response likely is a contributing factor in diabetic nephropathy, although all aspects of their role in this process remain unknown.
| Perspectives
The various roles of HSPs help to maintain the physiology of multicellular organisms. Activation of the HSP response by exercise might well account for many of the health benefits associated with increased physical activity. Diabetes is the leading cause of kidney disease. Diabetic organs represent altered physiological states predisposing to many complications where an impaired HSP response is also involved. Understanding better the mechanisms of cytoprotective HSP induction and tissue-specific effects of exercise training, and developing pharmacological modulation to augment HSP synthesis for the successful therapeutic interventions are potential strategies to ameliorate kidney injury as a major cause of morbidity in diabetes.
